The MIT-Bates Compton Polarimeter, a laser back-scattering device, is used to measure the polarization of electron beams circulating in the South Hall Ring for a range of energies between 300 and 1000 MeV. The apparatus is described in detail and compared to other polarimeters operating within a similar energy region. Preliminary polarization results at 850 MeV are presented.
Compton polarimeters based on the laser back-scattering technique have been successfully employed at a number of labs. Because the analyzing power for Compton scattering rises with electron energy, and because the measurement technique does not destroy the electron beam, these types of polarimeters have been implemented at several high-energy storage rings and colliders, including HERA [1, 2] , LEP [3] , and SLAC [4] . As shown in Fig. 1 , the analyzing powers for polarimeters at such multi-GeV machines are typically 0.5 or higher, but at electron energies below 1 GeV, the analyzing power for Compton scattering is at most a few percent.
Low analyzing powers present many challenges for the application of the laser backscattering technique. The minimization of systematic false asymmetries is crucial. Furthermore, the relatively low energy of back-scattered gamma rays necessitates accurate modeling of detector response. Polarimeters which have successfully confronted such challenges include the Jefferson Lab Hall A Polarimeter [5, 6] and the NIKHEF Compton Polarimeter [7] . The latter, the first laser backscattering polarimeter to operate below 1 GeV, was used in some very precise measurements at the AmPS Ring [8] , but suffered from an inability to operate at high stored beam currents. These experiences were considered carefully in the design of the MIT-Bates Compton Polarimeter.
The MIT-Bates Compton Polarimeter is designed to make accurate absolute measurements of stored electrons in the South Hall Ring (SHR) during nuclear physics experiments with internal targets. Polarized beams are generated by a photoemission-based source [9] and accelerated to energies up to 1 GeV using the Bates Linac and Recirculator [10] . Although the linac duty cycle is less than one percent, the beam in the SHR is effectively continuous wave. The polarimeter has been designed to measure for SHR energies in the range of 300 MeV <E e < 1000 MeV range. Currents above 100 mA have been achieved in the SHR, and the polarimeter should be able to provide continuous data under such conditions for experiments with the newly commissioned Bates Large Acceptance Spectrometer Toroid (BLAST) [11] .
The MIT-Bates Compton Polarimeter is shown schematically in Fig. 2 . Photons are produced by a Coherent Verdi 2 , a solid-state laser, and transported over a flight path of twenty meters to the Interaction Region (IR). The laser produces up to 5 W of continuous-wave output at 532 nm, which is mechanically chopped by a rotating wheel at a frequency of 10 Hz. Background measurements are made during intervals when the laser is blocked. Optical elements in the transport path include seven mirrors, two lenses, a polarizer, a vacuum window, and a helicity Pockels cell (HPC). The HPC, which permits rapid reversal of the laser helicity, is operated at quarter-wave voltage to impart circular polarization to the laser. Two of the mirror mounts have remotely controllable actuators, which allow for optimization of the scattering rate. Two of the SHR dipole chambers have been modified to allow the laser to enter and exit the vacuum system through transparent windows which are not directly exposed to the backscattered flux.
The interaction between the laser and electron beam takes place in a four-meterlong straight section of beam line between the two SHR dipoles immediately preceding the BLAST internal target. Geometric constraints require the vertical crossing angle between the beams to be less than 1 mrad. In setting up for polarization measurements, the electron beam must be carefully tuned to minimize steering in the IR quadrupoles, as the alignment of the scattered photon flux with the polarimeter detector is very sensitive to the electron trajectory. The SHR optics dictate that the beam polarization must be longitudinal at the BLAST target. A correction is made to account for precession of the spin between the polarimeter and the internal target due to the 22.5° bend.
FIGURE 2. Schematic view of MIT-Bates Compton Polarimeter
Back-scattered photons are detected by a Csl detector located at zero degrees with respect to the electron beam, 16 m from the center of the IR. The detector's acceptance is defined by an adjustable lead collimator, 2.5 cm in diameter. For operation at high electron currents, it is necessary to attenuate the photon flux to avoid overwhelming the Csl detector. To keep the signal-to-background ratio high, the laser has been run at its full power and absorbers have been introduced into the backscattered gamma ray line. Stainless steel gives relatively uniform attenuation of the photon flux as a function of gamma ray energy. Energy spectra taken with absorber thicknesses ranging up to 7.5 cm have exhibited little change in shape, and the analyzing power of the polarimeter is not affected. Following the absorber, a permanent magnet is used to sweep away charged particles. The calorimeter consists of a single Csl crystal of dimensions 10x10x25 cm located inside a shielded hut and preceded by a thin plastic veto scintillator. The efficiency of detection and the effects of adding absorbers to the backscatter line have been modelled by a GEANT simulation.
Data are analyzed by converting histograms into cumulative energy spectra sorted by spin state. The spectrum of scattered photons exhibits a steep edge at an energy determined by the electron energy. The energy calibration of the detector is established and monitored by a combination of radioactive sources, the location of the Compton edge, and an LED pulser embedded in the Csl light guide. The asymmetry is calculated ^^^^^^^^^^^^^^mm^mmSmM^^^^^^^^^^^^^m^m: as a function of gamma ray energy based on the helicity-sorted gamma ray spectra. The appropriate normalization factor for the background can be determined either from sealers characterizing the polarimeter's luminosity as a function of spin state or from the bremsstrahlung background level at energies above the Compton edge. At currents below 10 mA, the signal-to-background ratio generally exceeds 10:1. The background increases nonlinearly with beam current, thereby worsening this ratio for higher currents. The Compton scattering asymmetries are typically of the order of one percent. Unpolarized electrons have been used to verify that false asymmetries are of the order of 10~3 or smaller.
The beam polarization is determined by fitting the asymmetry data with a function, determined through a detailed simulation, characterizing the polarimeter's effective analyzing power. The accuracy of polarization extraction is greatly enhanced by averaging over multiple SHR fills with opposite polarization directions. Because an exact spin flip of the electron at the polarized source and a helicity reversal of the laser should leave the asymmetry unchanged, the cross-ratio method [12] can be used in the calculation of the mean Compton polarimeter asymmetry, which eliminates many sources of systematic error associated purely with laser properties or electron beam properties.
Stored polarized beams were first observed in 2001 in the SHR with 669 MeV electrons. Asymmetries exhibiting the expected dependence on back-scattered gamma ray energy were observed, as shown in Fig. 3 . The injection orientation for the beam polarization was optimized by varying the voltage on a Wien filter in the polarized injector. The measured beam polarization with the Compton polarimeter exhibited the expected sinusoidal dependence on the Wien filter voltage. Systematics were poorly understood at the time of the run, so a detailed comparison with the polarization at the source is of limited utility.
Since the initial tests, upgrades to the data acquisition system have improved the efficiency and reproducibility of polarimeter measurements. Recently, data were taken at 850 MeV with a strained GaAs crystal installed in the polarized injector. The beam polarization near the source was measured to be 0.75 ± 0.07 by a 20 MeV transmission polarimeter [10] . For a series of measurements with the Compton polarimeter carried out with 7 mA stored in the SHR, an average polarization of 0.73 ±0.01 (statistical uncertainty only) was measured. While the polarization results for the Ring remain preliminary, their reproducibility and consistency with the transmission polarimeter measurements is encouraging.
The results of polarization measurements with higher stored beam currents have been less straightforward to interpret. The first polarization measurements carried out with large currents in the SHR yielded asymmetries only about half as large as expected. The possibility of instrumental error was ruled out by comparing polarization results for two different runs taken with a beam current of 20 mA. In the first case, the SHR was filled to 20 mA, while in the second case, 70 mA were injected into SHR, but the beam current was allowed to decay to 20 mA. This comparison showed that the polarization was clearly reduced when SHR was filled at the higher current. Furthermore, it was found that full polarization of the stored beam could be restored by changing the betatron tune of the SHR in a certain manner. Further tests explored the sensitivity of the beam polarization to SHR tune in more detail. During these tests, it became clear that tune spreading occurred for large injected currents. This spreading of the tune often produced some degree of depolarization in the stored beam. Furthermore, it was found that for large injected currents, tune changes occurred as the beam circulated in SHR with deleterious effects on the beam polarization. Such effects were not observed for low beam currents where the betatron tune remains much more stable.
The measurements with the Bates Compton Polarimeter qualitatively resemble results obtained at the AmPS Ring [7, 8] . Polarization measurements with the NIKHEF Compton Polarimeter were usually lower than measurements of the beam polarization at the source, and acute polarization loss was seen for large injected currents. However, rate limitations prevented these effects from being mapped out in detail. The Bates polarimeter allows an opportunity to study spin dynamics for intense electron currents in a previously unexplored regime. Such studies will be important for BLAST experiments, and could also prove valuable for other devices which seek intense highly polarized electron beams, such as a proposed electron-ion collider.
